We have studied the terahertz radiation emitted by the dilute magnetic semiconductor InMnAs under femtosecond laser illumination, as a function of temperature. We observe a reversal of the polarity of the emitted terahertz field as the temperature is decreased, in both p-type and n-type materials. This effect is not observed in p-InAs. A competition between two oppositely directed currents, the photo-Dember current and the surface-field-induced current, can explain the observed polarity reversal. In contrast to nonmagnetic materials, these two currents are of comparable magnitude because the Mn impurity substantially reduces the carrier mobility in dilute magnetic semiconductors. © 2007 American Institute of Physics. ͓DOI: 10.1063/1.2425024͔ Dilute magnetic semiconductors ͑DMSs͒ based on III-V compounds, which were produced in 1989, 1,2 have inspired much interest in recent years. III-V DMSs are attractive candidates for studying dynamical processes in magnetically ordered systems, due to the clear distinction between mobile carriers and localized spins in the III-V semiconductors. 3, 4 They also show great potential for use in spintronic applications.
Dilute magnetic semiconductors ͑DMSs͒ based on III-V compounds, which were produced in 1989, 1,2 have inspired much interest in recent years. III-V DMSs are attractive candidates for studying dynamical processes in magnetically ordered systems, due to the clear distinction between mobile carriers and localized spins in the III-V semiconductors. 3, 4 They also show great potential for use in spintronic applications.
1,2 Such applications will require a detailed understanding of the carrier dynamics, spin magnetism, and, in particular, their interactions in these materials. Terahertz emission spectroscopy is a powerful technique for studying ultrafast charge carrier dynamics in semiconductors. Many studies have examined terahertz emission from a variety of III-V semiconductors surface, including InAs, InSb, InP, and GaAs. [5] [6] [7] [8] [9] [10] [11] In particular, magnetic-field-induced enhancement of terahertz radiation from nonmagnetic semiconductor surfaces has been investigated thoroughly. [11] [12] [13] [14] [15] [16] Recently, terahertz emission from ferromagnetic metal films 17, 18 and from the dilute ferromagnetic semiconductor GaMnAs ͑Ref. 19͒ have also been demonstrated. However, so far there have been no studies of InMnAs, one of the earliest III-V DMSs ever grown.
In this letter, we report terahertz emission from InAsbased DMS samples. This work builds on the large body of literature related to terahertz emission from InAs. [5] [6] [7] 11, 13, 20, 21 We have observed a temperature-induced polarity reversal of the terahertz radiation from both p-InMnAs and n-InMnAs, in contrast to what has been previously observed in p-InAs. 6, 7 We attribute the observed polarity reversal of the terahertz radiation to the competition between two oppositely directed sources of photoinduced current: the surface-fieldinduced current and the photo-Dember effect. Due to the presence of the Mn dopant, the photo-Dember effect in InMnAs is much weaker than in InAs. As a result, the dominant terahertz radiation mechanism in InMnAs switches from the surface field current at high temperature to the photoDember effect at low temperature, leading to a change in the polarity of the emitted terahertz field. This result is reminiscent of the competition between displacement and transport currents in bulk GaAs, which manifests itself as a polarity reversal as a function of pump laser wavelength. 22 The samples used in our study are a 960-nm-thick p-In 1−x Mn x As sample and a 2-m-thick n-In 1−x Mn x As sample with the same Mn concentration, x = 0.025. Both samples were grown by low-temperature molecular beam epitaxy on semi-insulating GaAs substrates at 300 and 200°C, respectively. The Curie temperature of the p-InMnAs sample is 4 K, while the n-InMnAs sample exhibits no ferromagnetism down to 1.5 K. 4 For comparison, we also study a p-InAs sample with doping concentration of 1 ϫ 10 16 cm −3 . Our terahertz emission spectrometer uses a reflection configuration. A Ti: sapphire laser provides ultrafast laser pulses with = 800 nm at a 76 MHz repetition rate and with a pulse duration of less than 80 fs. The pump beam is incident on the sample surface at an angle of 45°with a beam diameter of about 1 mm. Terahertz radiation is emitted from the samples in the specular reflection direction and detected using electro-optic sampling in a 1-mm-thick ZnTe crystal. The samples are held in a cryostat with windows transparent to both optical and terahertz radiations. The magnetically doped layers are thick compared to the optical penetration depth, so substrate effects can be ignored. temperature-dependent polarity reversal. We note that the shapes of the terahertz waveforms at the higher and lower temperatures are quite similar, as are the spectra ͑not shown͒. Figure 2 shows the amplitude of the emitted terahertz pulse as a function of temperature for several different excitation fluences. When cooling down the sample from room temperature, the amplitude of terahertz radiation signal decreases only slightly until ϳ100 K. Starting from this point, the amplitude decreases more rapidly, and eventually the polarity reverses at a temperature of ϳ57 K. We observe no significant effect of the polarization of the incident optical beam, which indicates that optical rectification does not contribute to the signal at these excitation densities. Figure 3 shows the analogous time-domain waveforms from the n-type sample at different temperatures; the inset shows the temperature dependence at a fixed pump power. Here, we again observe a polarity reversal of the terahertz waveforms as a function of temperature. The polarity of the terahertz radiation from n-InMnAs is the same as that from p-InMnAs at both high temperature and low temperature. However, the temperature at which the polarity reverses is somewhat higher in n-InMnAs, around 70 K.
The fact that n-InMnAs and p-InMnAs show similar polarity reversals is somewhat surprising, because it suggests that the surface field current and photo-Dember current are directed opposite to each other in both of these materials. In most semiconductors, the surface depletion field is directed into the surface for p doping and out of the surface for n doping, while the photo-Dember effect always generates a transient current directed out of the semiconductor surface. One would expect these two effects to counteract each other in p-type semiconductors but to add in the case of n-type materials. However, previous work 20, 21 suggests that InAs is an exception to this rule. For InAs, the surface energy bands bend downward regardless of the sign of the dopant, due to the formation of an accumulation layer at the surface. As a result of the formation of this accumulation layer, changing the sign of the dopant does not change the direction of the surface depletion field. 6, 7, 11 Thus, the surface field current and the photo-Dember current can indeed counteract each other in both n-InMnAs and p-InMnAs.
The magnetic impurity seems to have a significant influence on the ultrafast carrier dynamics in these DMS materials. No temperature-dependent polarity reversal is observed in p-InAs, since the emission mechanism is dominated by the photo-Dember effect at all temperatures. [5] [6] [7] 11 The distinct behavior of the DMS materials originates from the influence of the Mn dopant on the carrier mobility, doping density, and the impurity level of the deep impurity. As the temperature decreases, the increase in the carrier mobility in InMnAs contributes to the increase of both the surface field current and the photo-Dember current. However, the decrease of the carrier density enhances the photo-Dember effect but reduces the surface depletion field. Also, the surface depletion width increases with decreasing temperature. So the enhancement of the surface field current by the increasing carrier mobility is counteracted by the temperature dependence of the surface depletion field and the depletion width. As a result, the surface field current has a much weaker temperature dependence than the photo-Dember current. 5, 8 As temperature decreases, the photo-Dember effect eventually becomes large enough to offset the surface field current, and so the emitted terahertz signal vanishes. As the temperature decreases further, the photo-Dember effect becomes the dominant mechanism. We note that the polarity of the terahertz emission from both n-InMnAs and p-InMnAs at low temperature is the same as the polarity of the terahertz emission from p-InAs. This is consistent with the above description in which the emission mechanism is the same ͑i.e., the photo-Dember effect͒ in these cases.
We use a simple model to analyze the transient photoinduced current. The drift current J E and the diffusion current J D are described by
The net effective transient current is the sum of these two contributions which, as noted above, are oppositely directed in our samples. Here, N n ͑N p ͒ is the total density of electrons ͑holes͒ including both hot and cold carriers 7 and n ͑ p ͒ is their mobility. The diffusion coefficient is defined by the Einstein relation as D i = i k B T i / e, where T i is the corresponding carrier temperature, approximated from the excess carrier energy h − E G . E s is the maximum electric field at the sample surface, given by the Schottky model:
.
͑3͒
Here N s is the static carrier density and s is the bandbending potential at the surface. For InAs, s is roughly A polarity reversal is observed at a temperature of ϳ57 K, independent of fluence.
012103-2
Zhan et al. Appl. Phys. Lett. 90, 012103 ͑2007͒ equal to half of the band gap. 23 By approximating N n / ٌN n = N p / ٌN p = L Ϸ 150 nm, the optical absorption length, 9 we have the ratio of the magnitudes of the drift and diffusion currents as
where we have used the approximation p Ϸ 0. Applying this model to our n-InMnAs sample ͑see Table I͒ Table I for our sample. By assuming that this static carrier density varies linearly with temperature, we can extrapolate a lattice temperature at which J D = J E , where we would expect the emitted terahertz field to vanish. The extrapolated value, T X ϳ 75 K, is reasonably consistent with the experimentally determined crossover temperature of ϳ70 K ͑see Fig. 3͒ . The fact that our InMnAs samples are fabricated by lowtemperature molecular beam epitaxy ͑MBE͒, while our reference p-InAs sample is not, could also be a contributing factor in the observed emission behavior. One could imagine that the observed polarity reversal is related to a temperaturedependent rate for carrier trapping at antisite defects introduced by low-temperature ͑LT͒ growth, which could influence the temperature dependence of the mobility. Future measurements on LT-InAs should provide information on the strength of the temperature dependence and its relation to the defects introduced by LT MBE growth.
In conclusion, we demonstrate terahertz emission from p-InMnAs and n-InMnAs. Both samples exhibit a polarity reversal of the emitted terahertz field as a function of temperature. This phenomenon does not occur in p-InAs, which suggests that it is related to the influence of the Mn dopant on the carrier dynamics in these materials.
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